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Abstract
Recently, the High Energy Stereoscopic System (H.E.S.S.) reported two new interesting results for a γ-ray emitting
supernova remnant, RX J1713.7−3946 (G347.3−0.5). The first result is the establishment of a broken power-law spectrum
of GeV-TeV γ-rays. The other is a more extended γ-ray spatial profile than the one in the X-ray band. In this
paper, we show both of these results can be explained by inverse Compton emission from accelerated electrons. If the
maximum energy of electrons being accelerated decreases with time, the broken power-law spectrum can be generated by
accumulation. Furthermore, the extended component of γ-ray profile can be interpreted as a CR precursor of currently
accelerated electrons.
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1. Introduction
Supernova remnants (SNRs) are the most plausible
candidate of the origin of Galactic cosmic rays (GCRs)
mainly composed of protons, electrons and nuclei. In fact,
X-ray and γ-ray observations showed that electrons and
protons (or nuclei) are accelerated in SNRs (Koyama et al.,
1995; Ackermann et al., 2013). The diffusive shock accel-
eration (DSA) (Axford et al., 1977; Krymsky , 1977; Bell,
1978; Blandford & Ostriker, 1978) is the most plausible ac-
celeration mechanism of GCRs, where it is assumed that
accelerated particles diffusively move around a shock. It
predicts a power-law momentum spectrum of the acceler-
ated particles, that is almost consistent with radio obser-
vations of SNRs (Reynolds et al., 2012). Another impor-
tant prediction of the DSA is a CR precursor ahead of the
shock front. Furthermore, linear analysis and several nu-
merical simulations show that the CR precursor generates
magnetic-field fluctuation (Bell, 1978, 2004; Niemiec et al.,
2008; Ohira et al., 2009; Riquelme & Spitkovsky, 2009; Ohira & Takahara,
2010; Caprioli & Spitkovsky, 2013). Recently, Katsuda et al.
(2016) found that the upstream plasma of the SNR Cygnus
loop is abruptly heated in the vicinity of shocks explained
via damping of magnetic-field fluctuation in an unresolved
thin CR precursor. However, the CR precursor of SNRs
has never been directly imaged so far. The length scale of
the CR precursor tells us the diffusion coefficient of CRs
in the upstream region and includes information about
magnetic-field fluctuation generated by CRs. The imag-
ing observation of the CR precursor at high energies is
crucial for identifying that DSA actually works at SNR
shocks, thus it is eagerly anticipated.
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The SNR RX J1713.7−3946 is one of the best studied
SNRs to understand CR acceleration (for a recent review,
see Zhang & Chen, 2016), detected in radio, X-ray, and
GeV-TeV γ-ray bands. In particular, the origin of γ-rays
from RX J1713.7−3946 has attracted attention over the
years. One is the hadronic origin, that is, the γ-rays orig-
inate from accelerated protons (Berezhko & Vo¨lk, 2006;
Yamazaki et al., 2009; Ellison et al., 2010; Zirakashvili & Aharonian,
2010; Inoue et al., 2012; Gabici & Aharonian, 2014; Federic et al.,
2015). The other is the leptonic origin in which the γ-rays
are generated by inverse Compton emission from accel-
erated electrons (Porter et al., 2006; Ellison et al., 2010;
Zirakashvili & Aharonian, 2010; Finke & Dermer, 2012).
At present, the origin of γ-rays from RX J1713.7−3946 is
an open problem. Recently, some new data about RX
J1713.7−3946 were reported. Katsuda et al. (2015) re-
ported the first detection of thermal X-ray line emission
from RX J1713.7−3946 and proposed that RX J1713.7−3946
resulted from a type Ib/c SN. The High Energy Stereo-
scopic System (H.E.S.S.) reported two interesting results
(de Naurois, 2015; Abdalla et al., 2016)1:
(1) The new GeV-TeV γ-ray spectrum breaks at about
100 GeV.
(2) The radial profile of γ-rays is more extended than that
of X-rays.
The former has already suggested by Abdo et al. (2011)
although the spectrum of GeV γ-rays had a large uncer-
tainty. In a simple leptonic model, the recently observed
γ-ray spectrum tells us the existence of a break at a few
TeV in the spectrum of accelerated electrons. However, it
1Details for de Naurois (2015) were provided as a full paper by
Abdalla et al. (2016) which was submitted after this paper was sub-
mitted to arXiv.
Preprint submitted to Journal of High Energy Astrophysics May 11, 2019
is hardly explained by the cooling break because it requires
a strong magnetic field or a very high photon field energy
density, that conflict with other observations. Moreover,
a one-zone leptonic model cannot explain the extended γ-
ray profile. Therefore, a simple leptonic model seems to
be confronted by the severe challenge (de Naurois, 2015;
Abdalla et al., 2016).
In this paper, we show that if the maximum energy of
accelerated electrons is decreasing with time and it is now
about a few TeV, the time-integrated spectrum of acceler-
ated electrons breaks at a few TeV, that can explain the
new GeV-TeV gamma ray spectrum by inverse Compton
emission. In addition, our model can naturally explain the
γ-ray profile by the CR precursor of currently accelerated
electrons with energy of a few TeV. Hence, the leptonic
model is still plausible and the extended component of γ-
ray image is the first observation of the CR precursor of
SNRs.
2. Time-integrated spectrum
Ohira et al. (2010) showed that if the maximum energy
of accelerated particles at the shock decreases with time,
Emax(t) ∝ t
−α, and the injection spectrum at the shock
surface is given by dN/dEdt ∝ tβ−1E−2Θ(Emax(t) − E)
(where β > 1 and the standard test particle DSA is as-
sumed), then the time integrated spectrum of all acceler-
ated particles becomes a broken power law as
dNTI(t, E)
dE
=
∫ t
0
dN
dEdt
∝ tβ exp
{
−
(
E
Ecut
)2}
×
{
E−2 (E ≤ Emax(t))
Emax(t)
β
αE−(2+
β
α ) (E ≥ Emax(t))
,(1)
where no cooling is considered and Ecut is the maximum
energy of accelerated particles in a whole system. Schematic
picture of the time integrated spectrum is given by Fig-
ure 1 of Ohira & Ioka (2011). Electrons above Emax(t)
were accelerated in the past and make a spectrum steeper
than E−2. Therefore, the energy spectrum of accelerated
particles inside an SNR breaks even though the radiative
cooling is not significant. In the next Section, we provide
a model that makes β/α = 1 and Emax = a few TeV at
present, and the observed GeV-TeV γ-ray spectrum can
be explained by inverse Compton emission.
It was considered in Ohira et al. (2010) and Ohira & Ioka
(2011) that particles above Emax(t) escape from an SNR.
In this paper, we assume that all particles above Emax(t)
are advected into the downstream region of SNRs. Par-
ticles escape from the SNR if Emax is limited by escape,
while they are advected into the SNR interior if Emax is
limited by a finite age of the SNR. More details are dis-
cussed in the next section.
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Figure 1: Evolution of maximum energy of accelerated electrons
Emax(t) in our model. The red and blue lines show the age and
cooling limited maximum energies, respectively. t0 is the SNR age
at present.
3. Evolution of maximum energy of accelerated
electrons
Before discussing the evolution of Emax of accelerated
electrons, we first set a simple model of SNR RX J1713.7−3946.
The SNR is thought to be associated with the guest star
AD393 (Wang et al., 1997). If so, the present age of the
SNR is about t0 ≈ 1600 yr. According to the X-ray im-
age (Tanaka et al., 2008), the angular radius of SNR shock
is about θ ≈ 0.45◦ that corresponds to the shock radius
r0 ≈ 8 pc if the distance is about ≈ 1 kpc (Fukui et al.,
2003). For simplicity, we here assume that the SNR is now
in the free expansion phase, that is, the shock velocity is
constant with time, u0 = r0/t0 ≈ 5000 km/s. In addition,
we assume a constant density profile. Then, β is 3 because
the swept-up mass is proportional to t3.
Evolution of Emax of accelerated electrons in SNRs was
discussed in Ohira et al. (2012). The Emax of electrons
being accelerated is decided by a finite age, escape, or
cooling. During the free expansion phase, the Emax does
not decrease with time as long as the diffusion coefficient is
spatially constant (see figures 1 and 2 of Ohira et al. (2012)
). Therefore, we here assume that the diffusion coefficient
around the shock front has a radial dependence,
D = D0
(
E
10 GeV
)δ
f(r) , (2)
where f(r) represents radial dependence of the diffusion
coefficient. RX J1713.7−3946 is thought to be expand-
ing into a cavity produced by a stellar wind and the SNR
radius is now very close to the cavity wall (Fukui et al.,
2003). We expect that the outer region of the cavity has
large diffusion coefficient compared with the interior, be-
cause there are many neutral hydrogen atoms and molecules
in the outside region. A stellar wind cannot completely
sweep high-density clouds into the outer region (e.g. see
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Figure 2: Multi-band (left) and gamma-ray (right) spectra of the RX J1713.7−3946. The black solid and dashed curves show model spectra
without (Ecut = 135 TeV) and with cooling (Ecut = 88 TeV) in the downstream region of SNR shocks, respectively. The red, green, blue,
and magenta data points are given by Suzaku (Tanaka et al., 2008), ATCA (Acero et al., 2009), Fermi (Federic et al., 2015), and H.E.S.S.
(Aharonian et al., 2011), respectively.
Figure 9 of Inoue et al., 2012). Although the clouds in the
stellar wind are ablated by the stellar wind plasma, some
clouds would survive to the supernova explosion and some
neutral particles would be present in the cavity. There-
fore, the cavity wall (boundary between the cavity and
the outer region) is actually not so sharp and the mean
radial profile of the neutral fraction would increase with
the distance from the explosion center. Then, the diffusion
coefficient increases toward the cavity wall in the transi-
tion region. In order to describe such a situation, we set
f(r) to be
f(r) =


(
rtr
r0
)a
(r ≤ rtr)(
r
r0
)a
(rtr ≤ r ≤ r0)
1 (r0 ≤ r)
, (3)
where rtr is a transition radius and a > 0. Since the ac-
celeration time scale is given by tacc = ηaccD/u
2
0, from the
condition, t = tacc, the age-limited maximum energy is
given by
Emax,age = Emax,0 ×


(
ttr
t0
)
−
a
δ
(
t
t0
) 1
δ
(t ≤ ttr)(
t
t0
) 1−a
δ
(ttr ≤ t ≤ t0)
(4)
where ttr = rtr/u0, and Emax,0 = Emax(t0) is the maxi-
mum energy of currently accelerated particles and given
by
Emax,0 = 10 GeV
(
u20t0
ηaccD0
) 1
δ
. (5)
A numerical factor ηacc depends on the shock compression
ratio and the diffusion coefficient in the downstream re-
gion (Drury, 1983). Since δ is expected to be positive, the
maximum energy decreases with time for ttr ≤ t ≤ t0 if a
is larger than unity, and α becomes
α =
1− a
δ
. (6)
The escape-limited maximum energy is given by the
condition, tesc = tacc, where the escape time scale is tesc =
ηescr
2/D and ηesc is a numerical factor. Then, we obtain
Emax,esc = (ηaccηesc)
1
2δEmax,age . (7)
Since (ηaccηesc)
1
2δ is of the order of unity, the evolution
of the escape-limited maximum energy is almost the same
as the age-limited maximum energy. In this paper, we
assume ηaccηesc > 1, so that the escape does not limit the
maximum energy and all particles accelerated in the past
are trapped in the downstream region of SNR shocks.
The synchrotron cooling time is represented by tcool =
9m4ec
7/(4e4B2E) = tc(E/10 GeV)
−1 and the condition
tacc = tcool gives the cooling-limited maximum energy as
Emax,cool = Ecool,0 ×


(
ttr
t0
)
−
a
1+δ
(t ≤ ttr)(
t
t0
)
−
a
1+δ
(ttr ≤ t ≤ t0)
,(8)
where we assume a constant magnetic field in the down-
stream region because the shock velocity is constant in
the free expansion phase. The cooling-limited maximum
energy at the present day, Ecool,0, is given by
Ecool,0 = 10 GeV
(
u20tc
ηaccD0
) 1
1+δ
. (9)
Then, the evolution of the Emax of electrons being ac-
celerated at time t, Emax(t), is given by
Emax(t) = min{Emax,age, Emax,esc, Emax,cool} . (10)
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In order to explain the new GeV-TeV γ-ray spectrum, we
need Emax,0 ≈ a few TeV, and the maximum energy at ttr
is about 100 TeV.
In this paper, in oder to fit the observed spectrum,
we set a = 2, δ = 1/3, rtr = r0/3, and ηaccD0 = 1.51 ×
1027 cm2/s, so that we obtainEmax,0 = 5 TeV, Emax(ttr) =
Ecut = 135 TeV, α = 3, and β/α = 1. These parame-
ters are representative but not unique and other param-
eter sets would be allowed to explain the observed data.
Figure 1 shows the evolution of the Emax of particles be-
ing accelerated. The red and blue lines shows the age
and cooling limited maximum energies, respectively, where
we assume the temporally constant downstream magnetic
field, B = 11.5 µG that is obtained by a spectral fitting
of the X-ray and γ-ray spectra based on the leptonic model
(Porter et al., 2006; Ellison et al., 2010; Zirakashvili & Aharonian,
2010; Finke & Dermer, 2012). Since our model assumed
that the SNR expands with a constant velocity in a uni-
form density medium, the temporally constant magnetic
field strength in the downstream regions is a reasonable as-
sumption. For the above parameters, the maximum energy
is always limited by a finite age. The maximum energy
increases with time up to 135 TeV at t = ttr. Then, it de-
creases with time and becomes 5 TeV at present. It should
be noted that the cooling is negligible while electrons are
being accelerated, but after advected into the downstream
region, high-energy electrons lose their energy by the syn-
chrotron cooling. Let tend(E) to be the end time of the
acceleration of electrons with an energy E. Then, from
the condition t0 − tend(Ecut,cool) = tcool(Ecut,cool), we can
obtain a new cutoff energy by cooling, Ecut,cool ≈ 88 TeV,
where B = 11.5 µG is assumed. For E > Ecut,cool, ad-
vected electrons lose their energy in the downstream re-
gion. However, some electrons with an energy E are in CR
precursor region at t = tend(E) and it takes a little time
to enter the shock downstream region. Therefore, their
residence time in the downstream region becomes smaller
than t0 − tend(E). In this case, we need to solve numeri-
cally the diffusion convection equation taking into account
the cooling for the purpose of precisely having Ecut,cool.
In this paper, instead of solving the equation, we simply
consider two cases, Ecut = 135 and 88 TeV.
We calculate synchrotron and inverse Compton emis-
sions by using the Galactic radiation field of 8 kpc model
of Porter et al. (2008), where the Klein–Nishina effect is
taken into account. Figure 2 shows the synchrotron and
inverse Compton spectra from accelerated electrons. The
dashed and solid black curves show spectra with and with-
out cooling in the downstream region of the SNR shock,
that is, Ecut = 135 TeV and 88 TeV, respectively. Both
curves are almost consistent with the observed spectrum.
A more realistic spectrum would be between the solid and
dashed curves. Hence, our leptonic model can explain X-
ray and GeV-TeV γ-ray spectra without the cooling break.
In this model, currently accelerated electrons cannot emit
X-rays above 0.1 keV and γ-rays above a few TeV because
their maximum energy is 5 TeV and the downstream mag-
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Figure 3: Radial profiles of X-rays and γ-rays. The vertical
dashed line shows the shock position expected from the X-ray image
(Tanaka et al., 2008). The black and blue solid curves show model
profiles of γ-rays and X-rays. The black and blue dashed curves show
another model profiles of γ-rays and X-rays, where the step function
in Equation (14) is removed. The red data points and solid curve
show the observed profile of γ-rays and X-rays, that are given by
de Naurois (2015); Abdalla et al. (2016).
netic field strength is 11.5 µG. X-rays are emitted by
electrons that were accelerated in the past. Their energy
spectrum is steeper than that of currently accelerated elec-
trons (see equation (1)).
4. Radial profile of gamma rays
In this section, we calculate the radial profile of γ-
rays. The DSA predicts that currently accelerated elec-
trons make the CR precursor. The diffusion equation in
the upstream region of an SNR shock is given by
∂n
∂t
=
1
r2
∂
∂r
(
Dr2
∂n
∂r
)
. (11)
Since the SNR shock of RX J1713.7−3946 is now very close
to the cavity wall, we assume that the diffusion coefficient
is spatially constant in the upstream region (r > r0 = u0t,
see Equation (3)). Then, the solution for the steady-state
limit (t→∞) is given by
n(r, t) = C
r0
r
exp
{
−
(r − r0)
D/u0
}
, (12)
where C is a normalization constant. For a spherical shock
with a constant expansion velocity, CRs distribute like the
Yukawa potential in the CR precursor. We apply the above
solution to currently accelerated particles (E < 5 TeV).
Highest-energy particles being accelerated at present sat-
isfy the condition of t0 = tacc because the maximum energy
is now limited by a finite age. Hence, the largest length
scale of the CR precursor is given by
ldiff(Emax) =
D
u0
=
r0
ηacc
. (13)
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Interestingly, the ratio ldiff/r0 does not depend on the
magnetic field but depends only on ηacc.
In order to calculate a downstream distribution of ac-
celerated particles precisely, we need to solve numerically
the diffusion convection equation with radiative and adi-
abatic cooling. Compared with the upstream region, the
downstream flow is complicated because there is a con-
tact discontinuity and recent simulations showed that the
strong turbulence is generated in the downstream region
by several mechanisms (Giacalone & Jokipii, 2007; Inoue et al.,
2009; Caprioli & Spitkovsky, 2013; Ohira, 2016a,b). Then,
not only the standard diffusion but also the turbulent diffu-
sion becomes important (Bykov & Toptygin, 1993; Ohira,
2013). In this paper, we simply assume the downstream
distribution (r ≤ r0) of currently and previously acceler-
ated particles as follows.
n(r, t) = C exp
{
−
(r0 − r)
0.25r0
}
Θ(r − 0.75r0) , (14)
where Θ(x) is the step function, that is Θ(x) = 1 for x > 0
and Θ(x) = 0 for x < 0, describing a finite size of the
shocked region. By using Equations (12), (14), and the
energy spectrum of accelerated electrons derived in Sec-
tion 3, we calculate radial profiles of the inverse Compton
and the synchrotron emissions. In our model, since there
are no electrons with energies above 5 TeV in the shock up-
stream region, X rays are not emitted from the upstream
region unless the upstream magnetic field is larger than
about 1 mG which is unlikely to be realized. Therefore,
our model does not need to calculate the X-ray profile in
the upstream region. For the downstream X-ray profile,
we assume the constant magnetic field, B = 11.5 µG.
Figure 3 shows radial profiles of γ-ray and X-ray images
projected on the sky. The black and blue solid curves are
for γ-rays above 250 GeV and X-rays above 1 keV, that are
smoothed by a Gaussian function with a width of 0.05◦.
The vertical dashed line shows the shock position. The ob-
served γ-ray profile extends more than the shock position
and the X-ray profile, which is consistent with our model
curve with ηacc = 4 (black solid curve). ηacc = 4 means
that the downstream diffusion length scale is much smaller
than that in the upstream region (Drury, 1983), which sug-
gests strong magnetic field fluctuations in the downstream
region. The shock upstream region (θ > 0.45◦) is dim in
X-rays above 1 keV because currently accelerated electrons
(E < 5 TeV) cannot emit X-rays above 1 keV but bright in
γ-rays by inverse Compton emission because the currently
accelerated electrons can emit γ-rays up to a few TeV and
seed photons are inevitably present. The radial profile in
the outer region (θ > 0.45◦) does not depend on magnetic
field profiles and the downstream electron distribution. As
an example, we show in Figure 3 radial profiles of another
model without the step function in Equation (14) (dashed
curves). One can see that the differences appear only in
the interior region.
The observed X-ray profile is not well described by our
model. The blue curve in Figure 3 results from the as-
sumptions of equation (14) and the constant downstream
magnetic field. In order to calculate the X-ray profile, we
need to calculate the magnetic field profile and electron
distribution in the downstream region, that is beyond a
scope of this paper.
5. Discussion
In this paper, we assumed that all particles previously
accelerated do not escape from the SNR. In order to sup-
ply CRs to the interstellar medium from SNRs, CRs have
to escape from SNRs. In fact, γ-ray observations shows
that middle-aged or old SNRs actually supply CR protons
(or nuclei) to the interstellar medium (Ohira et al., 2011;
Uchiyama et al., 2012). Hence, accelerated electrons have
to escape from the SNR eventually. In this model, γ-rays
above 250 GeV from the CR precursor (θ > 0.45◦) are
mainly emitted by highest-energy electrons currently ac-
celerated (E = 5 TeV). If higher-energy γ-rays extend
more than 250 GeV, it could be an evidence that electrons
previously accelerated (E > 5 TeV) have already started
to escape from the SNR. As long as the diffusion coefficient
has an energy dependence, the diffusion length scale has
an energy dependence. However, it would be difficult to
identify the energy dependence by current experiments be-
cause the expected energy dependence is very weak. The
Cherenkov Telescope array (CTA, Acharya et al., 2013)
will be able to observe many SNRs with better sensitivity
and angular resolution, that will allow us to identify the
CR precursor or escaping CR halo.
In this paper, we consider only the acceleration of elec-
trons. However, it is expected that protons and nuclei are
accelerated and they produce the CR precursor. There-
fore, the extended γ-ray profile could be explained by
hadronic models (Zirakashvili & Aharonian, 2010; Federic et al.,
2015). For the parameters adopted in this paper, the max-
imum energy of accelerated particles in the past does not
reach 1015.5 eV (the knee), which is shown in Figure 1.
However, other parameter sets, for example, a smaller
rtr makes Emax(ttr) larger. If so, γ-rays originated from
hadrons could appear in 100 TeV range, that might be
observed by CTA (Nakamori et al., 2015).
6. Summary
In this paper, we considered the evolution of maximum
energy of accelerated electrons in the SNR RX J1713.7−3946
that is expanding in a cavity and their forward shock is
now very close to the cavity wall. We assume that the dif-
fusion coefficient around the SNR shock increases toward
the cavity wall because there are neutral particles in the
outside of the cavity. Then, the maximum energy of parti-
cles being accelerated at the shock decreases with time, so
that an accumulated energy spectrum of accelerated elec-
trons breaks without radiative cooling. We have shown
that our leptonic model could explain the observed spec-
trum from radio to TeV γ-rays. In addition, our model
5
could naturally explain the radial profile of γ-rays, which
is more extended than that of X-rays, by inverse Compton
emission from the CR precursor of currently accelerated
electrons. CTA will be able to observe the CR precursor
of many SNRs by direct imaging, that will open a new
window on the CR physics.
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